Introduction
AlGaN/GaN heterostructure based high electron mobility transistors (HEMTs) offer excellent electronic properties for next generation solid state microwave power amplifiers. Equally important as remarkable device properties a verified reliability is required. In recent years great progress has been made to solve this critical issue, therefore GaN devices start pushing into the silicon dominated market. Today first commercial devices are available from different companies.
However most research was done in the field of normally-on or depletion mode transistors (D-HEMTs). Their normally-off enhancement mode counterparts (E-HEMTs) require a challenging step in device processing especially when monolithic integration of both types is required. Beside a simplified circuit design, normally-off AlGaN/GaN HEMTs have the ability to be controlled by low input voltages and simultaneously operate at high output current and large output voltage levels. Therefore they are a promising solution for a compatible input driving stage between GaN and low cost high speed controller circuits primarily based on silicon. To achieve normally-off operation for AlGaN/GaN HEMTs in microwave amplifying applications several technological possibilities were demonstrated [1] - [4] . In our work a chlorine-based gate recess etching process of the AlGaN barrier is used [5] , offering the opportunity of minimized on resistance, increased transconductance and integration of D-and E-HEMTs in one circuit.
In this study the influence of gate recess etching by a low damage Cl 2 plasma into the AlGaN barrier layer on the DC and RF characteristics of the AlGaN/GaN HEMT is investigated. A detailed comparison of non-recessed D-HEMTs and recessed E-HEMTs is made, whereas both devices were processed integrated on the same wafer. We show that the transconductance is remarkably increased to record values above 500 mS/mm due to the reduced gate to channel distance and the approximately unmodified low access resistance after recess etching. Furthermore it is shown that the DC and RF properties of our E-HEMT devices are comparable to the conventional D-HEMTs.
Finally large signal measurements demonstrate the power performance of these devices.
Fabrication and Design of the Gate Recessed
AlGaN/GaN E-HEMT The highly resistive epitaxial layers of the AlGaN/GaN HEMT structure were grown by MOCVD on a 3 inch semi insulating SiC substrate. A GaN buffer layer followed by a 22 nm AlGaN barrier with an aluminum content of 22% and finally a thin GaN cap was grown. Hall measurements show a room temperature sheet resistance, 2DEG sheet carrier concentration and mobility of 500 Ω/sq, 8⋅10 12 cm -2 and 1600 cm 2 /Vs, respectively. Source-drain ohmic contacts were formed by Ti/Al/Ni/Au metallization and rapid thermal annealing resulting in a low contact resistance of 0.2 Ω/mm. Subsequently the SiN passivation was deposited by PECVD. An e-beam lithography step followed by a selective etching of SiN over GaN was used to define the gate foot in the SiN passivation. Two different gate lengths of 0.25 µm and 0.5 µm were processed. After a cleaning step, the gate recess was done by a low bias, low damage Cl 2 ECR plasma etching into the GaN-cap/AlGaN layer with an etching rate of 3 nm/min. Thereby the SiN passivation was used as a self aligned mask, etching the barrier layer just directly under the gate foot position. The remaining thickness of the AlGaN barrier was examined to be 6 nm for an E-HEMT device with a threshold voltage of 0 V. A metallization of Ni/Au defines the top of the T-gate. Up to this step D-HEMT devices were prepared without gate recess etching prior to the E-HEMTs, to ensure a minimal influence on the well established process flow. Finally first metal interconnects are made by Au deposition.
Results and Discussion
The typical transfer characteristics of a D-HEMT and a E-HEMT device is shown in Fig. 1 . The threshold voltage V th was shifted from -2.3 V to +0.1 V for the D-and E-HEMT, respectively, induced by gate recess etching. A remarkable increase of transconductance to a maximum value of 550 mS/mm was measured while drain saturation current was decreased to 800 mA/mm. Table I summarizes the DC properties of the device shown in Fig. 1 . It can be seen, that the parasitic access resistances, source resistance R S and on resistance R on , were slightly increased but still kept at low values. In combination with the reduced gate to channel distance a very high transconductance was attained even though the drain current maximum was decreased. Small signal high frequency properties were measured with an Agilent PNA from 0.1 to 26 GHz, whereas cut off frequencies were extrapolated by a constant -20 dB/dec slope to 0 dB. For a transistor with a gate length of 0.25 µm and a gate width of 2x50 µm at drain bias of 7 V, an extrinsic f T of 42 GHz and 41 GHz and an extrinsic f max of 80 GHz and 68 GHz for D-HEMT and E-HEMT were measured at maximum transconductance, respectively. Large signal CW power measurements were performed using a load pull system at 2 GHz on larger gate width transistor devices with a L G of 0.5 µm and a W G of 2x250 µm (Fig. 2) . Both types of transistors were biased at V DS of 28 V. The gate voltage of the E-HEMT was kept at 0 V, whereas D-HEMT was biased at V GS of -2.4 V for similar conditions. A linear gain of 20.5 dB (19 dB) and a maximum power added efficiency PAE of 66 % (49 %) at 4.0 W/mm (2.9 W/mm) output power density were obtained on a D-HEMT (E-HEMT) device. The main issue limiting the E-HEMT power performance is related to a relative high gate current and lower maximum drain current compared to D-HEMTs. An increase in drain voltage to 35 V generates an increase in output power density to 3.4 W/mm at a PAE of 44 % (E-HEMT). These results for enhancement mode HEMTs based on AlGaN/GaN are well comparable to the large signal power measurements reported by J. Liu et al. [3] .
Whether their power performance is not as high as for D-HEMTs it can be seen from these results that AlGaN/GaN E-HEMTs are working quite well under large signal power amplifying conditions. Further investigations are still needed to ensure these results and to show stability of the technology. In case of gate recess etching several improvements can be applied to enhance or stabilize the attained properties. Promising solutions are an AlGaN barrier layer with lower aluminum content or a double heterostructure device [6] . Both changes are able to shift V th to positive values resulting in thicker AlGaN barrier after recess etching, hence lower gate leakage will be attained. Optionally a thin gate insulator can be inserted decreasing gate leakage and increasing maximum gate voltage [7] . 
Conclusions
In this paper a comparative investigation on depletion and enhancement mode AlGaN/GaN HEMTs is introduced. By applying a low damage chlorine based gate recess etching to a well known technology for AlGaN/GaN D-HEMTs a depletion of the 2DEG channel under the gate was caused. By this technique enhancement HEMTs were prepared parallel to depletion HEMT devices on one wafer. The comparison of the electrical properties show an excellent performance of DC and RF characteristics for E-HEMTs, e.g., a high transconductance of 550 mS/mm and cut off frequency f T of 41 GHz and f max of 68 GHz. Large signal power measurements obtained an output power of 2.9 W/mm at 49 % PAE on 2x250 µm devices.
